Summary. The concept of a blood-tissue barrier defines the rates at which matter exchanges among the vascular and extravascular fluids of the tissue. The remarkably slow rates at which substances such as mannitol ( M , 182) enter uterine fluid from plasma demonstrate the existence of a blood-uterine lumen barrier. Available evidence indicates that the uterine microvascular endothelium and the uterine epithelium behave as lipoid layers interrupted by water-filled channels. Furthermore, both cell layers appear to select actively certain substances over others for exchange with opposing extracellular fluids. In contrast to these similarities, the uterine epithelium and endothelium differ considerably with regard to restrictiveness. For most substances the primary rate-limiting boundary between blood and the uterine lumen is the epithelium. The extracellular fluid compartments of the lumen and endometrium are also influenced by the internalization and release of materials into and out of intracellular compartments including those of the stromal and migratory cells of the endometrium, the epithelium and the developing conceptus. Considerable evidence suggests that the luminal milieu of the developing embryo is created and maintained by the transport and permeability properties o r the blood-uterine lumen barrier in conjunction with the cellular activities of the endometrium and embryo. This milieu probably fulfils the informational and nutritional needs of the developing embryo.
vascular fluids of the tissue. For example, low molecular weight substances in plasma such as thiocyanate, creatinine, sucrose and p-aminohippurate penetrate into the cerebrospinal fluid so slowly that the ratios of cerebrospinal fluid to plasma concentrations are less than 1.0 although plasma concentrations are constant for several hours. This slow penetration of the cerebrospinal fluid demonstrated the existence of a permeability barrier between blood and cerebrospinal fluid (Davson, 1955) . Similarly, a blood-testis barrier was demonstrated by the observations that certain substances infused intravenously either did not enter rete testis fluid (p-aminohippurate, glutamate, iodinated albumin, inulin and radiolabelled EDTA) or did so only at slow rates (thiocyanate, creatinine, galactose) (Setchell et al., 1969) . Likewise, the evidence for a blood-uterine lumen barrier is direct: in rats and rabbits, low molecular weight substances (sodium, tetraethylammonium, mannitol, sucrose and inulin) and iodinated albumin do not equilibrate between uterine fluid and plasma despite prolonged maintenance of relatively constant plasma concentrations (Marley & Robson, 1971; Conner & Miller, 1973; Kulangara, 1976; McLachlan et al., 1976; McRae & Kennedy, 1979 , 1983a . The presence of a barrier within the uterus is demonstrated by the remarkably slow rates at which certain substances such as mannitol ( An important asset of the concept of a blood-uterine barrier is that the extracellular fluid of the uterus can be appropriately divided into several compartments. In this paper those of the endometrium only will be considered; i.e. the vascular, endometrial extracellular, endometrial intracellular and luminal extracellular fluids. (The blood cells will not be considered until they have migrated into the extravascular space.) The barrier which divides uterine extracellular fluid into compartments is not absolute because material does exchange between compartments (thus validating a compartmental analysis). Therefore, each extracellular fluid compartment influences those compartments with which it exchanges material. These bidirectional relationships for the endometrium are summarized in Fig. 2 . Thus, the permeability and transport properties of the endothelial cells of the microvasculature (a) and of the epithelial cells lining the lumen (b) determine the rate-limiting boundaries between the extracellular fluid compartments of the endometrium and lumen. These extracellular fluid compartments are also influenced by the uptake and release of materials into and out of the intracellular fluid compartments of endometrial (including epithelial) cells (c) and the cellular components of the developing embryo (d) . In this scheme the interstitial concentrations will influence the intercompartmental exchange both of substances which primarily diffuse across the rate-limiting boundaries and those which are transported by specific mechanisms, the kinetics of which are highly dependent upon ambient concentrations. Furthermore, because a blood-uterine lumen barrier exists, compounds common to these compartments are likely to be present in some at markedly different concentrations, even under steady-state conditions.
The existence of a blood-uterine barrier implies that the immediate milieu of the developing embryo might be a fluid which is unique in character and which is specialized to fulfil the nutritive and information requirements of the embryo. Because the embryo is growing and differentiating, and likely to require a changing complex of environmental signals, its luminal milieu may also evolve. Available evidence (see McRae, 1984) indicates that the uterine luminal milieu is dynamic in that the composition of uterine fluid exhibits marked differences between stages of the oestrous cycle and between the oestrous cycle and pregnancy. That is, the microenvironment of the uterine lumen at oestrus differs fundamentally from the one which evolves in the course of the preimplantation and peri-implantation periods of gestation. Thus, the elaboration of the developmental programme of peri-implantation embryos might be enhanced by the dynamic nature of the luminal extracellular fluid.
Blood-tissue barriers in biological systems probably create and maintain specialized environments within their boundaries. The primary objective of this review is to examine the cellular structures and processes involved in (a) defining the rates at which materials exchange among the uterine extracellular fluids and (b) modifying these fluids by internalizing and releasing material between intracellular and extracellular fluid compartments. In particular the dynamic nature of these cellular structures and processes with regards to hormonal and pregnancy-related regulation are considered. In doing so, much of the available literature has been reviewed. An additional objective is to examine how these processes contribute to the uniqueness of each extracellular fluid, particularly that of the uterine lumen. Lastly a brief mention will be made of a role for extrinsic factors in blastocyst differentiation.
Permeability and transport properties of uterine endothelium
The ability of the microvasculature to act as a rate-limiting boundary between blood and tissue differs widely from one tissue to another (Dewey, 1959) . Available evidence indicates that uterine vascular permeability, especially to proteins, varies markedly, depending upon reproductive condition. That is, uterine vascular permeability, similar to that of lung, brain or muscle as opposed to gut, liver or skin, exhibits considerable restrictiveness (Hechter et al., 1942) except under the influence of oestrogen or during implantation. Like all endothelia (Hormia & Virtanen, 1986 ) the endothelium of the uterus is more than a passive, semipermeable barrier between vascular and extravascular fluids. Indeed, it appears to select actively certain proteins over others for exchange with extravascular fluid. Furthermore, the rate at which the endothelium is perfused appears likely to potentiate the vascular-extravascular exchange of certain substances. Thus, the uterine endothelium appears to be a dynamically active boundary between blood and the uterine endometrium.
Ultrastructural studies of endometrial capillaries and post-capillary venules indicate that the endothelium in this tissue is both continuous and fenestrated, depending upon the endocrine or reproductive status of the animal. In ovariectomized, progesterone-treated and metoestrousdioestrous mice the endometrial endothelium is continuous with few or no fenestrations and the intercellular clefts between adjoining cells are sealed by tight junctions (Castillo-Jessen & GonzalezAngulo, 1973; Martin et al., 1973) . Furthermore, by as late as 6 h after intravenous injection of horseradish peroxidase (M, 40 000; Einstein-Stokes radius (ESR) 3.0 nm) to metoestrousdioestrous mice, no reaction product is observed outside the vascular lumen (Castillo-Jessen & Gonzalez-Angulo, 1973) , demonstrating a marked impermeability of these junctions. By contrast, in oestrogen-treated mice and rats the endothelium is fenestrated to a greater extent (Martin et al., 1973) and intercellular gaps are frequently observed (Ham et al., 1970) . Furthermore, these intercellular endothelial clefts in pro-oestrous-oestrous mice are clearly permeable to horseradish peroxidase since enzyme activity is apparent in vascular lumen, intercellular clefts and perivascular space as early as 1 min after intravenous injection (Castillo-Jessen & Gonzalez-Angulo, 1973) . Differences in endothelial structure and permeability between implantation and non-implantation tissue are also apparent. The venous capillaries and post-capillary venules of implantation sites in rats disclose fenestrations and intercellular gaps which are not present in non-implantation sites (Abrahamsohn et al., 1983) . With regard to permeability, the uterine vasculature of ovariectomized rats (Szego & Roberts, 1953) and rabbits is relatively impermeable to trypan blue-or Evans bluealbumin complexes as is that of lung, brain and muscle (Hechter et al., 1942) . However, in response to oestrogen, a transient increase in vascular permeability to plasma proteins is observed which peaks about 6 h after oestrogen and is much reduced by 20 h (Szego & Roberts, 1953; Sullivan & Wira, 1982; Finlay et ul., 1981) . An accumulation of vital dye has also been observed in the vicinity of implanting blastocysts in rats, mice, rabbits, hamsters (Psychoyos, 1973) and pigs (Keyes et al., 1986) . There is therefore considerable correspondence between the ultrastructure and permeability to proteins of the uterine microvasculature. However, subtle differences between oestrogen-and blastocyst-induced increased vascular permeability might exist. That is, the former is thought to result from gaps forming between endothelial cells of capillaries (Ham et al., 1970) , whereas the latter is thought to be due to gaps forming between endothelial cells of the terminal portions of capillaries and mainly in the first part of the venule system (i.e. vessels of > 5 pm diameter) (Abrahamsohn et al., 1983) . Whether this discrepancy between the role of capillaries and venules between oestrogen-and implantation-induced vascular permeability represents an essential difference remains to be determined. Nevertheless, it is notable that the blastocyst-induced changes resemble the vascular leakage which occurs during inflammation when the post-capillary (pericytic) venules with diameters ranging between 5 and 10 pm contract and pull away from each other (Joris et al., 1987) . Thus, uterine capillaries and venules are relatively impermeable to plasma proteins except during specific but transient responses to oestrogen and to a localized response to implanting blastocysts.
Vascular-extravascular exchange of protein by passive diffusion is probably governed by molecular sieving (i.e. diffusion which is restricted due to molecular size). This is because vascular permeability to water-soluble molecules is likely to occur via transendothelial 'pores' of two sizes. There is a large number of small pores (approximately 3G3.5 or 4.5 nm in radius) which are impermeable to dextrans, glycogens, ferritin and possibly albumin but are permeable to horseradish peroxidase, and a small number of large pores (25-35 nm in radius) which are permeable to all of the above marker proteins. In the ileo-jejunum the morphological equivalents of the large pores are thought to be diaphragmed fenestrae, channels and vesicles (see Pino, 1985) . Macromolecules of a radius similar in magnitude to the dimensions of available pores will penetrate them but only at relatively slow transfer rates, due to steric hindrance. Conversely, molecules which are considerably smaller than these pores will penetrate them at much faster transfer rates, due to minimal steric hindrance. Therefore, passive diffusion governed by molecular sieving will be suggested by vascular-extravascular transfer rates which vary inversely with molecular size.
In the uterus the vascular-extravascular exchange of plasma proteins has been studied specifically for relatively few proteins. For example, the endometrial microvasculature of mice on Day 1 of pregnancy (Day I = day of vaginal plug and is equivalent to oestrus) is permeable to FITClabelled proteins such as apoferritin (ESR 6.1 nm), immunoglobulin G, albumin, haemoglobin and a-lactalbumin (Parr, E. L. & Parr, M . B., 1986) . Furthermore, in that study discrete loci o f fluorescence were apparent in epithelial cells more quickly after intravenous administration o f smaller proteins (haemoglobin and peroxidase) than larger ones (apoferritin and IgG) . In a different study (Finlay et ul., 1981) 
the extravasation o f fibrinogen ( M , 340 000) was considerably less than that o f radiolabelled albumin ( M , 68 000) in immature mice treated with or without oestrogen. It is pertinent then that these observations are consistent with the endometrial microvasculature selectively restricting the passage o f some proteins on the basis o f molecular size.
However, certain discrepancies between relative rates o f transfer from plasma to extravascular fluid and molecular sizes have been reported (Finlay et al., 1981) (Simionescu, 1979) Handley & Chien, 1987) . Collectively, these observations suggest that certain proteins might be selected by the uterine endothelium for transport across these cells via a transcytotic pathway.
. In this type o f transport, plasrnalemmal vesicles are formed at one membrane, and are translocated to the opposing membrane. There they fuse with the plasma membrane and release their contents into the extravascular fluid. An important implication o f a transcytosis pathway across endothelia is that specificity for certain plasma proteins or classes o f proteins could be conferred by means o f specific receptors on the cell surfaces o f these cells. Colloidal gold-labelling studies demonstrate endothelial binding and endocytosis o f a range o f plasma proteins including ceruloplasmin, low-density lipoproteins, galactosyl-albumin, ion-transferrin complexes and a variety o f coagulation factors (see
Current evidence provides indirect support for potentially important roles o f some plasma proteins in endometrial physiology. Growth factors and growth factor-like substances, perhaps o f plasma origin, might be required for optimal endometrial differentiation. This is based upon specific binding receptors for epidermal growth factor (EGF) having been described for human (Hoffmann et al., 1984) and rat (Mukku & Stancel, 1985) uterus. In addition to EGF, insulin binding has been reported for human uterus (Sheets et al., 1985) . Furthermore, a marked deficiency o f oestrogen responses occurs in diabetic rats perhaps due to the absence o f a 'positive regulating' interaction between insulin and oestrogen (Frederick et ul., 1985) . Lastly, extravasation o f plasma protein and extravascular clotting might be important factors before modified tissue growth responses including tumour growth and angiogenesis (Dvorak et al., 1985) ( M , 5200) , sucrose ( M , 342) and mannitol ( M , 182) which achieve steady state within 1 h o f intravenous administration to oestrogen-treated rats (McRae & Kennedy, 1983a) and are consistent with an extracellular fluid distribution (Larsson et al., 1980) . Verheugen et al. (1984) (Verheugen et a[., 1984) . The uterine microvasculature therefore appears to be less permeable to hydrophilic substances than lipophilic ones. This characteristic suggests that the endothelium behaves as a lipoid layer interrupted by water-filled channels. As noted above, the permeability of these water-filled channels to proteins appears to be increased by oestrogen treatment and during implantation. In ovariectomized rats oestrogen increases the rates of passage of urea (M, 60) and sucrose (M, 342) from blood into uterine tissue (Kalman et al., 1961) . Since oestrogen treatment increases vascular permeability to proteins, increased transfer rates for sucrose and urea might also result from increased permeability. Alternatively, because oestrogen in rats causes marked increases in uterine blood flow (Harvey & Owen, 1976) in addition to vascular permeability, and because flow can be a limiting factor for substances with large permeability coefficients, increased transfer rates for small molecules like sucrose and urea in response to oestrogen could result also from increased uterine blood flow. Lipid solubility and uterine blood flow might therefore be important factors influencing the rates at which small molecules (M, < 5000) exchange between vascular and extravascular fluids in the uterus.
Therefore, the endothelium has the ability to function as a rate-limiting boundary by virtue of its relatively limited permeability combined with probable specific transport mechanisms. Also by virtue of these properties the endothelium has the potential to enhance or accentuate extravascular exchange of certain plasma components over others, thus providing a degree of specialization to endometrial extravascular, extracellular fluid.
Permeability and transport properties of uterine epithelium
The ability of the uterine epithelium to perform as a rate-limiting boundary is considerably greater than that of the uterine endothelium. This barrier is selectively permeable to substances primarily on the basis of molecular size and lipid solubility. In addition, available evidence indicates this barrier has the ability to concentrate some substances in luminal extracellular fluid. Other evidence is consistent with selective transport of certain macromolecules. Generally these permeability and transport activities vary in accordance with reproductive status. Thus, the uterine epithelium is also a dynamically active barrier between endometrial and luminal extracellular fluids and probably exerts considerable influence over the nature of luminal extracellular fluid.
The uterine epithelium is a simple epithelium composed of columnar cells which are joined apically by tight junctions. The complexity of these tight junctions varies with hormone status. That is, with oestrogen treatment, in rats, the junctional strands run more parallel to the apical surface and possess fewer complex intersections than those in ovariectomized animals (Murphy et al., 1981) . By contrast, in rats and rabbits, during pregnancy and pseudopregnancy, respectively, a proliferation of tight junctional belts relative to that observed at oestrus occurs, in which the strands multiply and the junction extends more basally (Murphy et al., 1982; Winterhagen & Kuhnel, 1982) . The complexity of the junctional strand intersection has been suggested to be an important factor influencing permeability of the tight junction (Claude & Goodenough, 1973) . Hence the uterine epithelial tight junction may form a more effective rate-limiting boundary under some endocrine conditions more than others. Several ultrastructural studies following intravenously administered horseradish peroxidase (M, 40 000, ESR 30 nm) to rats demonstrate that the electron-dense reaction products of this enzyme can be visualized in the intercellular spaces of the stroma and between epithelial cells up to the level of the tight junctions, in oestrogen-treated immature animals (Anderson et al., 1975) and during implantation (Parr, 1980) . As noted above, vascular permeability under these reproductive conditions is enhanced, thus enabling the extravascular transfer of horseradish peroxidase. These results indicate that the uterine epithelium continues to function as a rate-limiting boundary or barrier between blood and the uterine lumen even under vascular conditions of increased permeability. Furthermore, the blood-uterine lumen barrier is virtually impermeable to such substances as mannitol, sucrose and inulin (McRae & Kennedy, 1983a ) and yet the uterine volumes of distribution (i.e. ratio of tissue concentration to plasma concentration) in rats with ligated renal pedicles (see Fig. I ) for such substances are equal to or larger than extracellular fluid volumes in a variety of non-reproductive organs (Larsson et al., 1980) . This indicates that whereas the uterine epithelium is markedly impermeable to these substances, the microvascular endothelium and stromal interstitium are not. Thus, for most substances, the primary rate-limiting boundary between blood and the uterine lumen is the epithelium. The microvascular endothelium then acts as an additional barrier principally affecting the transfer of substances with molecular weights possibly greater than lOO(r5000.
The permeability properties of the primary rate-limiting boundary between blood and the uterine lumen in rats indicate that this barrier behaves towards blood-borne substances as a lipoid layer interrupted by water-filled channels (Connor & Miller, 1973; McRae & Kennedy, 1983a, b) . As such, it favours the transfer by passive diffusion of more lipophilic compounds (antipyrine, barbital) over more hydrophilic ones (mannitol, sucrose and inulin). In addition, the transfer across the barrier of lipophilic substances such as antipyrine and barbital is greater in animals treated with oestrogen and progesterone than in animals treated with progesterone alone (McRae & Kennedy, 1983b) . It is pertinent that a recent freeze-fracture cytochemical study with digitonin has demonstrated that the cholesterol content of the apical plasma membrane of uterine epithelial cells is greater in rats on Day 6 of pregnancy (a primarily progesterone-treated uterus) than on Day 1 (a primarily oestrogen-treated uterus) (Murphy & Martin, 1985) . Altered cholesterol content is likely to change the fluidity of the membrane and might account for the differences in permeability to antipyrine and barbital noted above. Other results indicate that this barrier is selectively permeable to markedly hydrophilic compounds according to molecular size such that mannitol ( M , 182, ESR 0.42 nm) and compounds larger than mannitol are sterically hindered. However, the ability of inulin (M, 5200, ESR 1.3 nm) to cross this boundary was similar to that of sucrose (M, 342, ESR 0.51 nm) (McRae & Kennedy, 1983a) . This discrepancy between molecular sizes and transfer rates for sucrose and inulin has also been observed for transfer of these compounds across cerebral capillaries (Amtorp, 1980) and was interpreted to indicate a non-discriminatory (on the basis of molecular size), transcellular pathway involving pinocytotic vesicles. Thus a similar pathway may be involved in transferring substances (especially those of M, > 1000) across the uterine epithelium.
The blood-uterine lumen barrier also has tEe ability to transport a variety of low molecularweight electrolytes and non-electrolytes including potassium (Levin & Edwards, 1968) , amino acids (Walters et al., 1979 (Walters et al., , 1981 , glucose and certain other monosaccharide energy substrates (Leese et al. 1979 ) and possibly prostaglandins (see below) (Jones & Harper, 1983; Cao et al., 1984) . For example, the potassium ion concentration in uterine fluid from rat pro-oestrous fluid, which accumulates copiously, is about 10-fold greater than that in plasma (Howard & DeFeo, 1959) . In undiluted samples of human uterine fluid, potassium ion concentration is 4-or 5-fold greater than that in plasma (Casslen & Nilsson, 1984) . Available evidence for bovine (Olds & VanDemark, 1957; Schultz et al., 1971 ) and rabbit (Lutwak-Mann, 1962) uterine fluid indicates potassium concentrations in these fluids in excess of their plasma concentrations. An ability of the uterine epithelium in several species to concentrate, presumably actively (Levin & Edwards, 1968) , potassium ion against a steep electrochemical gradient is implied by these findings.
In addition to potassium, the uterine epithelium might also concentrate prostaglandins (PGs) in luminal extracellular fluid. The fluid which accumulates in a non-gravid horn in sheep in response to chronically elevated concentrations of progesterone (Bazer et al., 1979) contains large amounts of PGF in concentrations up to 4000 ng/ml (Harrison et al., 1976) . These considerable concentrations in uterine fluid occur in the absence of comparable concentrations in jugular vein plasma or uterine vein plasma. Furthermore, in pigs, total recoverable PGF in uterine flushings are greater in pregnant than non-pregnant gilts between Days 12 and 18 after oestrus (see Bazer et al., 1986) . Moreover, concentrations of PGF-2a in utero-ovarian vein plasma and PGFM (the stable metabolite of PGF-2a) in jugular vein plasma have been reported to be higher during luteolysis in the non-pregnant pig than during the equivalent interval in pregnancy (Moeljono et al., 1977) . These observations suggest that the uterine epithelium maintains a steep concentration gradient for PGF between luminal and endometrial extracellular fluid during pregnancy. This interpretation is, however, complicated by data from cows (Thatcher et al., 1984) : PGF-2u was infused through the uterine lumen before, during and after PGE-2 was added to the infusate. During the combined PGE-2 and PGF-2a infusion, the output rates (nglmin) of PGF-2u and PGFM were elevated in the utero-ovarian vein concurrently with increased uterine blood flow. Uterine blood flow was therefore probably increased as a result of PGE-2-induced vasodilatation and PGF-2a and PGFM were cleared more rapidly from the uterus as a consequence. This greater clearance rate would probably result in lower concentrations (ng/ml) of PGF-2a and PGFM in venous plasma. In the pig it is notable that there is a sharp peak of blood f ow on Days 12 and 13 after mating (see Ford & Stice, 1985) , a time which coincides with elevated concentrations of PGF in luminal extracellular fluid. Therefore, rapid clearance of PGF from endometrial extracellular fluid might account, at least in part, for the apparent concentration gradient between extracellular fluids, and precise quantification of endometrial extracellular fluid concentrations will be required to determine whether an effective concentration gradient exists between uterine extracellular fluids in the pig during early pregnancy.
Studies of the distribution of prostaglandins in red blood cells indicate that these compounds are largely unable to diffuse passively across plasma membranes at physiological pH (Bito, 1975) . However, PGF-2u infused into the uterine lumina of pregnant and non-pregnant cows was associated with marked elevations of PGFM in jugular plasma by 20 min after initiation of infusion (Thatcher et al., 1984) . Clearly then, prostaglandins are able to cross the blood-uterine lumen barrier in cows. Although these compounds are relatively small in size, and lipophilic by nature in their undissociated forms, they are more than 90% dissociated at physiological pH (Jones & Harper, 1983) . Therefore, they are unlikely to diffuse freely across plasma membranes in vivo, due to the greater hydrophilicity of the dissociated molecular form. As a result, transport of prostaglandins across uterine plasma membranes is likely to require a carrier mechanism. In-vitro studies of prostaglandin uptake by uterine epithelial cell plaques from rabbits (Jones & Harper, 1983) and by endometrial cells from cows (Thatcher et a[., 1984) suggest that these tissues are able to concentrate prostaglandins intracellularly (i.e. ratios of tissue to medium concentrations, corrected for extracellular fluid volumes, greater than 1.0). In both studies, however, no evidence was found that the transport mechanisms were saturable at the concentrations tested. Therefore, available evidence indicates that uterine plasma membranes transport prostaglandins although the mechanisms and their kinetics are poorly understood.
Transfer across the uterine epithelium includes high molecular weight substances such as proteins. This is evident from serum proteins in uterine flushings from all species studied, usually in amounts greater than those of uterine-specific proteins (see McRae, 1984) . Furthermore, several proteins (a,-antitrypsin and a,-antichymotrypsin), probably of serum origin, are present in both human endometrial extracellular fluid (Tauber et a[., 1985) and luminal extracellular fluid (Casslen, 1986) . The tight junctions joining adjacent epithelial cells are impermeable to proteins such as horseradish peroxidase (see above), therefore proteins in general are not thought to diffuse freely into luminal extracellular fluid via an intercellular pathway. Instead a transcellular pathway involving pinocytotic vesicles has been suggested (Parr, 1980; McRae & Kennedy, 1983a) to account for serum proteins in uterine fluid. This hypothesis is supported by observations that, after intravenous administration of horseradish peroxidase, reaction product is observed within invaginations of the basolateral membrane of uterine epithelial cells and within vesicles located in the apical portions of these walls (Anderson et al., 1975; Parr, 1980) . Furthermore, horseradish peroxidase reaction product can be visualized in cytoplasmic vesicles in uterine glandular epithelium by 1 min after intravenous administration (Castillo-Jessen & Gonzalez-Angulo, 1973) . Also, the protein content of uterine flushings (Surani, 1975 (Surani, , 1976 ) is correlated with the incidence of basolateral pinocytotic invaginations in epithelial cells (Parr, 1980 (Parr, , 1982 . There is thus suggestive evidence that high (Sullivan & Wira, 1983 (Rachman et al., 1986) (Sullivan & Wira, 1984) . IgA accumulated in response to prooestrous oestrogen is apparently lost from the uterine lumen o f cyclic rats when uterine fluid is discharged, via the vagina at oestrus (Sullivan & Wira, 1984) , and as such is not reabsorbed by the uterine epithelium. The source o f IgA which is transported into the luminal extracellular fluid is most likely that produced locally by plasma cells since experimentally elevated concentrations o f serum IgA were not reflected by luminal levels (Wira & Stern, 1986) . Available evidence indicates that IgA, polymeric form only, is transported specifically from endometrial to luminal extracellular fluid (Sullivan & Wira, 1981 , 1984 (Sullivan & Wira, 1981) . Oestrogens appear to be principal regulators o f IgA plasma cells to the uterus and upon uterine levels o f secretory component (Sullivan & Wira, 1981) . Thus, the transfer o f IgA and IgG across the uterine epithelium in response to oestrogen occurs by two distinct mechanisms, one o f which (IgA) is specific and likely to require protein synthesis (Wira et ul., 1984) and the other (IgG) (Hall et al., 1977; Surani, 1977) 
Ann C. McRue molecular weight substances present in endometrial extracellular fluid can be transported across the uterine epithelium by a transcellular pathway. Recent studies o f the secretory immune system o f the uterus provide notable examples o f the transfer o f proteins from endometrial to luminal extracellular fluids. Firstly, a rapid, oestrogeninduced influx o f serum IgG and total protein into uterine fluid was observed and was found to peak at 3 h then decline markedly by 6 h after oestradiol

. The presence o f cell-surface receptors, formation and internalization o f coated pits and translocation o f coated vesicles are likely to confer specificity, thus facilitating differential transfer o f these proteins.
Currently available evidence therefore suggests that the blood-uterine lumen barrier is endowed with the ability to transfer selectively a range o f substances with the consequence that concentrations o f some substances can differ markedly among luminal, endometrial and vascular extracellular fluids.
Uptake and release by endometrial and embryonic cells
The extracellular fluid compartments of the lumen and endometrium are influenced by the uptake and release of materials into and out of the intracellular compartments of the endometrium (including epithelial). Available evidence indicates that uterine endometrium synthesizes and secretes a variety of proteins although in the absence of histochemical localization it is not always clear whether epithelial and/or stromal cells are primarily responsible. Nevertheless, it appears that the majority of uterine-specific secretory products synthesized by the luminal and glandular epithelium are secreted into the luminal extracellular fluid. Endometrial stromal cells appear to remove extravasated material from endometrial extracellular fluid. Various migratory cells are interspersed in the endometrial interstitium and contribute to the extracellular fluid. Lastly, considerable evidence indicates that the developing embryo in many species elaborates and secretes a variety of compounds which are likely to act primarily upon maternal reproductive functions.
Uterine epithelial cells possess abundant Golgi apparatus and polyribosomes, well-developed and dilated rough endoplasmic reticulum and accumulated secretory granules or vacuoles in the apical region, all of which are suggestive of protein synthesis and secretion (Jamieson & Palade, 1971) . These cells synthesize and secrete a variety of proteins (see Roberts & Bazer, 1988 , for review), many, but not all, of which are enzymically active. For example, lysosome-like enzymic activities which resemble that of P-N-acetylglucosaminidase have been observed in luminal extracellular fluid of pigs, mares and ewes (Hansen et al., 1985) and rabbits (Thie et al., 1984 (Thie et al., , 1986 . In the uterine fluid of rabbits, enzymic activities resembling that of a-1-fucosidase have also been observed (Thie et al., 1984 (Thie et al., , 1986 . Several antiproteolytic enzymes have also been demonstrated, including a plasminogen activator inhibitor in western spotted skunk (Fazleabas et al., 1984) and proteinase inhibitor in pig (Fazleabas et al., 1985) . Proteins without apparent enzymic activity such as prolactin (Stone et al., 1986; Ying et al., 1986) and relaxin (Larkin & Renegar, 1986) are also synthesized and secreted. Available evidence indicates that the majority of these uterine-specific secretory products are released into luminal extracellular fluid as opposed to endometrial extracellular fluid.
Proteins which appear to be exceptions to the rule that epithelial secretory proteins are released primarily into luminal extracellular fluid include human pregnancy-associated plasma protein-A and a prolactin-inhibitory factor in rats. Pregnancy-associated plasma protein-A is found in uterine fluid and plasma and can be detected in glandular epithelial cells during the proliferative phase of the menstrual cycle (Bischof et al., 1984) . A prolactin-inhibitory factor in rats is synthesized in the uterine epithelium and appears to inhibit prolactin release from the anterior pituitary in vivo (Goropse & Freeman, 1985) . It therefore appears that secretion of proteins synthesized by epithelial cells can occur across either the apical or basolateral cell membranes. Therefore, cellular mechanisms probably function to direct specific products towards the apical or the basolateral membranes.
The uterine stroma is composed of a network of stromal cells which make contact with several adjacent cells by means of slender cytoplasmic processes (Ljungkvist, 1971; Rogers & Wischik, 1983) . Embedded within this network are the bases of endometrial glands, blood vessels and lymphatic vessels. The lymphatic vessels appear to be small and sparsely distributed in virgin rats (Head & Seelig, 1984) and increase in diameter during pregnancy (see Head & Billingham, 1986) . Recent observations indicate that stromal cells are capable of actively internalizing material from the endometrial extracellular fluid by means of numerous plasmalemmal-coated pits (Cornillie & Lauweryns, 1985) . This uptake occurred either specifically into receptosomes via clathrin-coated pits and tubulovesicular organelles or less specifically via the formation of macropinocytotic vacuoles. In addition, differentiation of phagocytes from endometrial stromal cells was described.
These phagocytotic cells appeared to accumulate ferritin and other stromal glycoproteins to result in a considerable storage of iron, in the form of haemosiderin complexes. They also appeared to occupy a primarily perivascular location in the superficial endometrium. These cells are thought to compensate for the absence of a well-developed lymphatic drainage (Cornillie & Lauweryns, 1985) . Thus, stromal cells are capable of modifying the endometrial extracellular fluid which surrounds them by actively removing materials via specific and non-specific internalization processes.
The endometrial interstitium is also interspersed with various migratory cells, including neutrophils, macrophages, lymphocytes and occasionally mast cells (Brandon & Evans, 1984; Head & Gaede, 1986) . Of these, neutrophils, lymphocytes and mast cells release substances which modify the endometrial extracellular fluid. For example, much of the peroxidase activity detected in the uterus, excluding epithelium, is derived from eosinophils (Tchernitchen et al., 1976) . Similarly, IgA and IgG are released into endometrial extracellular fluid from IgA-positive and IgG-positive lymphoid cells which migrate in the uterus in response to oestrogen (Wira et al., 1980; Parr, M. B. & Parr, E. L., 1986) . These plasma cells are reported to be localized predominantly near the glands of the endometrium (Parr, E. L. & Parr, M. B., 1986) . Furthermore, IgA-positive cells were apparently predominant, although IgG-positive cells were difficult to discern due to heavy immunostaining of interstitial IgG. In addition, the vasoactive mediator histamine is released from mast cells under appropriate conditions. In contrast the release of material, uptake of cellular debris and perhaps soluble material by phagocytotic activities of macrophages (Head & Gaede, 1986) are also highly likely. The intracellular compartments of the non-stromal endometrial cells therefore also have the ability to modify the composition of endometrial extracellular fluid.
The developing conceptus in many species produces proteins, steroids and prostaglandins which are likely to function in maternal recognition of pregnancy, immunological privilege of the conceptus, the induction of histotrophe in domestic animals and possibly further progestational differentiation of the endometrium. The potential mechanisms and structures for transfer of proteins across the blood-uterine lumen barrier will be discussed briefly, whereas those for steroid and prostaglandins have been reviewed elsewhere (see above and McRae, 1984) . Sheep and cattle conceptuses (see Bazer et al., 1986 ) are thought to produce specific proteins which are taken up by the surface and upper gland epithelial cells but do not seem to enter the maternal circulation. In sheep and cattle these proteins, ovine and bovine trophoblast protein I, share partial structural homology and are thought to act locally within the uterus to inhibit the abilities of oestradiol and oxytocin to induce uterine production of PGF, thus inhibiting luteolysis. These proteins could either act directly in the process or could stimulate production of one or more proteins locally in the endometrium. Uptake of proteins from the luminal extracellular fluid into uterine epithelial cells has been investigated in cows in which horseradish peroxidase was administered into the uterine lumen (Guillomot et al.. 1986) . By 20 min after administration, reaction product was especially evident within cytoplasmic vesicles immediately below the base of the microvillous border of the cells. Some ingested material was apparent in lysosome-like bodies, whereas tracer-containing vesicles which had fused with the lateral membranes of the cells were also observed. Furthermore, reaction product was observed in the intercellular spaces up to the tight junctions and beneath the basal membrane. Endocytotic uptake of horseradish peroxidase is thought to represent 'fluid-phase' uptake of soluble material (i.e. material which does not adsorb initially to the plasma membrane) (Morales & Hermo, 1983) . Thus, endocytosis of this type has been suggested to participate in the reabsorption of uterine fluid from the lumen (Enders & Nelson, 1973; Parr & Parr, 1974 , 1977 . However, because mannose-specific binding sites for horseradish peroxidase have been described for various cells in the rat (Straus, 1983; Wilson & King, 1986) , internalization of this protein might be more specific than previously considered. Nevertheless, these observations demonstrate a transcellular pathway through which proteins synthesized and secreted by the conceptus, such as ovine and bovine trophoblast protein I, might be transferred from the luminal to endometrial extracellular fluid. Secretory products of the developing conceptus are therefore capable of modifying the nature of the luminal extracellular fluid. Whether these products also modify endometrial extracellular fluid is uncertain. However, sheep trophoblast proteins have not been found in maternal plasma in measurable amounts (Godkin et a [., 1984; Manns & Lewing, 1986) .
A rate-limiting boundary between luminal and endometrial extracellular fluids has been demonstrated. This barrier is likely to maintain concentrations of uterine-specific proteins in these fluids at appropriate levels more effectively than in the absence of such a barrier. Furthermore, as noted above, a large majority of the proteins partly characterized in luminal extracellular fluid, of uterine and embryonic origin, have proteolytic and lysosyme-like activity or have antiproteolytic activity. Because of these enzymic activities, uncontrolled leakage of these proteins into the endometrial extracellular fluid compartment could have profoundly detrimental effects upon the integrity of the stromal tissue. Thus, the blood-uterine lumen barrier is likely to play an important role in enhancing the efficacy of uterine secretions and protecting adjacent compartments from these secretions.
Luminal extracellular fluid and embryo development
Blastocyst differentiation requires factors extrinsic to the embryo; this requirement exemplifies the influence of the uterine luminal milieu upon embryonic development. Relatively simple culture media containing salts, amino acids, serum albumin and an energy source are sufficient for the successful in-vitro development of 2-cell mouse embryos to the hatched blastocyst stage. By contrast even relatively complex defined media (e.g. NCTC-109) are unable to promote blastocyst development in vitro (Rizzino & Sherman, 1979; Sellens & Sherman, 1980) . Differentiation in vitro of the trophectoderm and inner cell mass requires the addition of serum (Cole & Paul, 1965; Gwatkin, 1966; Spindle & Pedersen, 1974; Spindle & Goldstein, 1975) or serum-derived, high molecular-weight protein fractions (fetuin) (Rizzino & Sherman, 1979; Hsu, 1979; Sellens & Sherman, 1980) . The ability of serum to induce further differentiation is probably due to the presence of particular growth-promoting factors. It is pertinent that insulin-binding activity by mouse embryos which is stage-specific has been observed (Rosenblum et al., 1986) . However, whether this binding activity represents functional receptors for insulin is not clear. Nevertheless, the presence of these binding sites is consistent with enhancement of embryo development in utero by blood-borne growth factors such as insulin or insulin-like growth factor. Presumably this requirement of blastocyst differentiation in vitro for extrinsic factors is fulfilled in utero by growthpromoting factors present in luminal extracellular fluid. The nature of this fluid therefore affects blastocyst growth and differentiation.
Conclusions
The extracellular fluids of the uterus, i.e. vascular, endometrial and luminal fluids, are separated by dynamically active boundaries. Collectively, these boundaries are referred to as the blood-uterine lumen barrier. An important consequence of this barrier is that marked compositional differences between these fluids might be created and maintained. Thus, a unique fluid which is specialized to fulfil the nutritional and informational requirements for successful differentiation might form the luminal milieu of the developing conceptus. Considerable evidence indicates that the rate-limiting boundaries of the uterus have the capacity to create and maintain specialized extracellular fluids by virtue of their permeability and transport properties.
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